Enhancing the oral bioavailability of peptide drug leads is a major challenge in drug design. As such, methods to address this challenge are highly sought after by the pharmaceutical industry. Here, we propose a strategy to identify appropriate amides for N-methylation using temperature coefficients measured by NMR to identify exposed amides in cyclic peptides. N-methylation effectively caps these amides, modifying the overall solvation properties of the peptides and making them more membrane permeable. The approach for identifying sites for N-methylation is a rapid alternative to the elucidation of 3D structures of peptide drug leads, which has been a commonly used structure-guided approach in the past. Five leucine-rich peptide scaffolds are reported with selectively designed N-methylated derivatives. In vitro membrane permeability was assessed by parallel artificial membrane permeability assay and Caco-2 assay. The most promising N-methylated peptide was then tested in vivo. Here we report a novel peptide (15), which displayed an oral bioavailability of 33% in a rat model, thus validating the design approach. We show that this approach can also be used to explain the notable increase in oral bioavailability of a somatostatin analog.
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cyclic peptide | permeability | N-methylation P eptides are potentially valuable compounds for drug development, offering many advantages over other molecular classes (1) (2) (3) (4) . Specifically, their ability to mimic endogenous bioactive molecules allows them to bind potently and selectively to "difficult" drug targets, including protein-protein interactions that are too challenging for small-molecule therapeutics. However, the widespread use of peptides in the clinic has been slow in coming, in large part because of their generally low stability in vivo, high clearance, and poor oral bioavailability.
The low oral bioavailability of peptides is attributed to a disparity between their physicochemical properties and those traditionally expected for "drug-likeness" (5, 6), leading to a perception that peptides are good drug leads but poor drugs. However, this perception is being challenged by a growing number of peptides that seem to be stable (7) and well absorbed within the gastrointestinal tract (8) and examples in which cyclic peptides have shown orally delivered bioactivity in animal disease models, including inflammatory pain (9) and neuropathic pain (10) , prompting us to devise new rules for predicting pharmacokinetic properties of this compound class. Arguably the most famous example of a peptide with poor drug-likeness but reasonable oral bioavailability is cyclosporin A, widely used as the immunosuppressant drug cyclosporine (11) . Two structural features of cyclosporin A in particular are thought to contribute to its oral bioavailability, namely its macrocyclic architecture and backbone N-methylation.
Cyclization imparts increased rigidity to a parent peptide, which not only improves its stability against proteolytic degradation but also directs it into specific conformations that might be favorable for membrane permeability. In a recent study, the relative rates of diffusion of cyclic hexapeptide stereoisomers across a membrane were traced back to intramolecular hydrogen bond networks, steric protection of backbone amides, and the relative stabilities of aqueous and membrane-associated conformations (12) . That study corroborated earlier findings, showing that cyclic peptides have improved membrane permeability over their linear counterparts (13) . A common theme among these studies is that cyclization seems to be an important contributing factor toward oral bioavailability.
Backbone N-methylation is another structural feature that seems to be correlated with improved membrane permeability (14, 15) and can, in some cases (16) (17) (18) , be important for enhancing the bioactivity and selectivity of peptides. For example, N-methylation of Arg-Gly-Asp (16) , an integrin ligand (18) , and the melanocortin family of peptides (17) resulted in cyclic peptide analogs with improved selectivity for their target receptors and enhanced or comparable bioactivities. Interestingly, N-methylation of a cyclic somatostatin peptide improved its oral bioavailability without significantly modifying its biological activity and selectivity (19) . Recently, Ovadia et al. (20) demonstrated that the number of N-methyl groups can have a significant effect on the cell permeability of a series of cyclic hexapeptides. Structures of cyclosporin A (21) and other N-methylated macrocyclic compounds [e.g., aureobasidin A (22) and the destruxins (23) ] suggest that N-methylation can affect conformation and hydrogen bonding potential, which might in turn affect membrane permeability.
On the basis that the internal hydrogen bonding potential of peptides is a key determinant of passive membrane permeability, the hypothesis is that N-methylation of the most exposed NH groups of a cyclic peptide might improve its membrane permeability. This is consistent with a recent study showing that on-resin modification of leucine-rich cyclic peptides via nonspecific N-methylation can result in small-molecule-like oral Significance Peptides are valuable leads for drug development, offering advantages over other molecular classes. Specifically, they can bind potently and selectively to drug targets, including protein-protein interactions that are too challenging for smallmolecule therapeutics. However, peptides are poor drugs because of their low in vivo stability and poor oral bioavailability. We propose a strategy for improving the oral bioavailability of peptides by identifying appropriate amides for chemical modification using temperature coefficients measured by NMR. The modified peptides have improved solvation properties, making them more membrane permeable. This approach for identifying sites for modification is a rapid method for guiding peptide drug design.
bioavailability (24) . One approach to test this hypothesis was to use structural information to identify exposed NH groups that can be specifically targeted for N-methylation. Accurate determination of the atomic positions of the NH groups of a peptide requires elucidation of the cyclic peptide structure, which can be time consuming, particularly in a drug design environment. However, we reasoned that complete determination of a cyclic peptide structure is not necessary; rather, approaches to rapidly probe the hydrogen bonding network (i.e., amide temperature coefficients and hydrogen-deuterium exchange determined from NMR spectroscopy experiments) might provide a means of rapidly identifying the most exposed NH groups, which can then be selectively N-methylated. Furthermore, we postulated that the resulting N-methylated derivatives would have improved membrane permeability relative to the nonmethylated parent compounds (Fig. 1) .
Here we report the use of cyclic hexapeptide scaffolds to investigate how amide temperature coefficients and hydrogendeuterium exchange experiments can be used to study the interplay between N-methylation, conformation, and permeability. We emphasize that although both amide temperature coefficient experiments and hydrogen-deuterium exchange have been used previously to provide supplementary information in structural studies of proteins, their potential as structural markers of peptide permeability has not been studied. We propose a structure-informed method for directing the design of cyclic peptides with promising pharmacokinetic properties. This method has been applied to a series of cyclic hexapeptide stereoisomers to improve their membrane permeability. We validated this approach for the design of orally bioavailable peptides with in vitro permeability and in vivo pharmacokinetics studies.
Results
Synthesis of Cyclic Hexapeptides and Selective N-Methylation. The scaffolds selected for investigation of N-methylation on peptide permeability and oral bioavailability were cyclic hexapeptides with the general sequence, cyclo(Leu-Leu-Leu-Leu-Pro-Tyr), and are detailed in Fig. 2A and SI Appendix. Synthesis of the linear peptides was carried out using Fmoc solid-phase peptide synthesis. The incorporation of N-methylated residues is challenging because it requires robust conditions to couple subsequent residues, owing to the more sterically hindered methyl amide that has been introduced. To overcome these difficult couplings, the coupling reagent HCTU, O-(1H-6-chlorobenzotriazol-1-y1)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, was substituted for the more reactive HATU, O-(7-azabenzotriazol-1-y1)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, and the coupling time and the excess of the coupling amino acids were increased, yielding linear protected peptides of 90-95% purity for almost every N-methylated peptide. The choice of linear sequence for cyclization was also found to be crucial for successful assembly of N-methylated peptides; it was desirable to avoid an N-methylated residue at the N terminus of the peptide, which was found to reduce the yield of the cyclization step.
Amide Temperature Coefficients and Hydrogen-Deuterium Exchange
Studies. We measured the amide NMR chemical shift temperature coefficients (Δδ NH /ΔT) for a series of nonmethylated hexapeptide stereoisomers (1-5) to determine whether these parameters could be used to monitor the conformational behavior of the backbone amides. It has been proposed that backbone amides having very negative Δδ NH /ΔT (i.e., <−4.6 ppb/K) are water-exposed, whereas those having less-negative or slightly positive Δδ NH /ΔT (i.e., ≥−4.6 ppb/K) are considered to be involved in intramolecular hydrogen bonds (25) .
Values of Δδ NH /ΔT were measured for peptides 1-5 in six different solvent compositions (30%, 90%, and 100% vol/vol acetonitrile; 30% and 100% vol/vol trifluroethanol; and 100% vol/vol chloroform), as shown in Table 1 . Aside from demonstrating the utility of Δδ NH /ΔT measurements in different solvents that may be useful for peptide solubilization, the different solvents may also be useful for mimicking specific solvent environments that are associated with the peptides as they pass from an aqueous environment through a membrane. In solvents that contain some proportion of water, the values of the Δδ NH /ΔT were generally consistent with large negative Δδ NH /ΔT remaining relatively invariant regardless of the concentration of the cosolvent. As an example, Δδ NH /ΔT of Leu-3 in 5 was −8.29, −8.18, and −7.32 ppb/K in 30% (vol/vol) acetonitrile, 90% (vol/vol) acetonitrile, and 30% (vol/vol) trifluroethanol, respectively. Because of the similarity in Δδ NH /ΔT values obtained from different aqueous solvent mixtures, we chose to focus on the 30% (vol/vol) acetonitrile solvent system to explore the potential of amide temperature coefficients as structural markers of peptide permeability.
To confirm that Δδ NH /ΔT could be used to predict whether the amide of interest is solvent-exposed or involved in an intramolecular hydrogen bond, we measured the hydrogen-deuterium exchange rates for the amides of 1-5 and correlated them to Δδ NH /ΔT values, as shown in SI Appendix, Fig. S1 . As anticipated, amides having very negative Δδ NH /ΔT (i.e., <−4.6 ppb/K) generally displayed more rapid exchange rates, whereas those having less-negative Δδ NH /ΔT (i.e., ≥−4.6 ppb/K) generally displayed slower exchange rates. Two amides with Δδ NH /ΔT more Fig. 1 . Schematic illustration of the principle of using selective N-methylation of small cyclic peptides to improve membrane permeability. Exposed amides of cyclic peptides, as shown in red circles in the top peptide, are thought to reduce or prevent membrane permeability. Selective N-methylation of the amides (shown in boxes on the bottom peptide) can increase membrane permeability of the peptide by masking the exposed NH moieties. negative than −4.6 ppb/K displayed relatively slow exchange rates: Leu-4 of 3 and Leu-4 of 5. Overall, however, the results suggested that Δδ NH /ΔT can be used here to identify the level of solvent exposure for amides or probe the hydrogen-bond network of cyclic peptides.
Amide Temperature Coefficients and N-Methylation. We subsequently investigated whether Δδ NH /ΔT measurements could be used to monitor the interplay between N-methylation, hydrogen bonding, and membrane permeability. We conducted a directed "N-methyl scan" of 5, a nonmethylated cyclic hexapeptide that can be N-methylated at three specific locations (i.e., Leu-2, Leu-3, and Tyr-6) to produce 12, a peptide reported to have noteworthy oral bioavailability (24) . The peptides 6-11 were synthesized and represent N-methyl intermediates of 12 relative to 5. Fig. 3A shows the Δδ NH /ΔT for these peptides. The changes in the Δδ NH /ΔT values observed for each residue as N-methyl groups were progressively added to 5 may reflect conformational restraints imposed by N-methylation. Importantly, the three residues of 5 that showed the most negative Δδ NH /ΔT (i.e., Leu-2, Leu-3, and Tyr-6) also correspond to those that require N-methylation to improve membrane permeability, as highlighted in Fig. 3A . Strikingly, as these residues were progressively N-methylated, the remaining residues that needed to be N-methylated to produce 12 consistently displayed Δδ NH /ΔT with large negative values. Similarly, residues of 5 that were not solvent-exposed and did not need to be N-methylated to produce 12 consistently displayed Δδ NH /ΔT with less-negative values. As a specific example, the N-methyl intermediate 8, which contained one N-methyl group on the amide of Tyr-6, displayed Δδ NH /ΔT of −7.76 and −7.34 ppb/K for Leu-2 and Leu-3, respectively, and −0.42 and −3.84 ppb/K for Leu-1 and Leu-4, respectively. Furthermore, a relationship between the N-methylation position and membrane permeability was observed, with the permeability of 5 increasing as it was progressively modified.
To examine the effect of N-methylation of amides that displayed less-negative Δδ NH /ΔT values, we synthesized 13, which is N-methylated at Leu-1. Indeed, 13 did not show improved permeability compared with 5. Additionally, we synthesized 14, which contains two N-methyl groups-one at Leu-1 and another at Tyr-6. Compared with the other peptides (i.e., 9, 10, and 11) that have two N-methyl groups at residues that displayed the most negative Δδ NH /ΔT, 14 has reduced permeability.
Overall, these results allowed us to propose a strategy for improving the membrane permeability (and possibly oral bioavailability) of peptides. As illustrated in Fig. 3B , Δδ NH /ΔT can be used to identify amides that can be N-methylated for the purposes of improving membrane permeability; the resulting "optimal" or "near-optimal" peptide only exhibits small Δδ NH /ΔT values. We propose that it is possible to start with a nonmethylated peptide (or a partially N-methylated peptide) and identify exposed residues for N-methylation to increase membrane permeability.
Permeability of Designed N-Methylation Products. To test this method for improving the membrane permeability of peptides according to Δδ NH /ΔT measurements, we designed and synthesized N-methylated analogs of the nonmethylated compounds 1-4 based on their measured Δδ NH /ΔT. The nonmethylated peptides and their designed products, 15-18, were tested in parallel artificial membrane permeability assay (PAMPA) and Caco-2 permeability assay, which are commonly used as predictors of permeability. As shown in Fig. 4 A and B , the designed peptides generally displayed higher membrane permeability than their nonmethylated counterparts. For example, using the Δδ NH /ΔT-guided approach, the percent permeability of 1 in the PAMPA assay was improved from ∼6% to 17% in 15, and its permeability in the Caco-2 assay was improved from 1 × 10 −6 cm/s to 21 × 10
cm/s. Fig. 4C shows that the backbone amides of Leu-1 and D-Leu-2 in 1 that displayed the most negative Δδ NH /ΔT values were subsequently N-methylated to produce 15; the nonmethylated amides of 15 generally displayed small Δδ NH /ΔT values.
In Vitro and in Vivo Pharmacokinetic Studies. To confirm whether the in vitro permeability of the designed peptides correlated with absorption in vivo and detectable plasma concentrations of the cyclic peptide, the in vivo pharmacokinetics of 15 in male Wistar rats was measured by examining plasma concentrations after i.v.
(1 mg/kg, n = 4) and oral (10 mg/kg, n = 4) administration. Analysis of pharmacokinetics of 15 (SI Appendix, Table S1 ) revealed a fraction of absorption (F%) of 33% ± 2.9% (Fig. 5) , which shows that 15 had permeability across rat intestines. The F% of 15 is an improvement (P < 0.05) over our measured F% of the reference peptide 12 (24), for which we determined a value of 20% ± 6.6%. In combination with the in vitro permeability measurements, this data suggest that the strategic N-methylations made to peptide 1 to produce 15 resulted in a peptide with improved membrane permeability potential in both model assays and the whole animal.
Solution NMR Studies. To provide structural insight into the high oral bioavailability of 15, we elucidated its solution structure by NMR spectroscopy, as shown in Application to a Therapeutic Peptide: Veber-Hirschmann Peptide. We have so far demonstrated the utility of Δδ NH /ΔT on a set of model peptides that have no reported biological function. To test whether this approach could be used to improve the oral bioavailability of a peptide with bioactivity, we examined the N-methylated Veber-Hirschmann peptide (SI Appendix, Fig. S2 ), which is selective toward the somatostatin receptor subtypes sst2 and sst5 and has a reported oral bioavailability of 9.9% (19) . We synthesized the nonmethylated analog and measured its Δδ NH /ΔT in 30% vol/vol acetonitrile for each constituent residue. The Δδ NH /ΔT values that we obtained are consistent with those previously measured for the nonmethylated analog in 100% vol/vol DMSO (26) . As shown in SI Appendix, Fig. S2 , four residues displayed very negative Δδ NH /ΔT values (i.e., D-Trp-1, Lys-2, Phe-4, and Phe-6); three of these residues (i.e., D-Trp-1, Lys-2, and Phe-4) correspond to the residues that were modified to improve oral bioavailability while maintaining bioactivity in a previous study (19) .
Discussion
Poor oral bioavailability is a key limitation in the development of peptide therapeutics. In this study we were interested in investigating a method to help accelerate the design of membrane permeable peptide drug leads. We used a series of cyclic hexapeptide stereoisomers as a model system for studying the effect of N-methylation on membrane permeability. On the basis of a systematic analysis of Δδ NH /ΔT measurements acquired using NMR spectroscopy for nonmethylated and N-methylated peptides, we propose a structure-informed approach that potentially can be applied as a general method for improving the oral bioavailability of drug leads. Specifically, we found that Δδ NH /ΔT can be used to identify amides (of a nonmethylated or partially N-methylated peptide) that are suitable for selective Nmethylation, which can lead to a cyclic peptide with passive membrane permeability. We validated this approach on a set of five cyclic hexapeptides and showed that we can achieve an oral bioavailability of 33%. We further demonstrated that this approach can be used to explain the improvement in membrane permeability of peptide drug leads by examining the VeberHirschmann peptide. The approach is based on the observation that the amide chemical shift is dependent on temperature. The main reason for this effect is related to the length of a hydrogen bond between the amide proton and a nearby (intramolecular or intermolecular) hydrogen bond acceptor (27) , which is strongly influenced by thermal motions induced by temperature increases. We found that amide temperature coefficients can be used to identify solvent-exposed amides for the cyclic peptides used in this study. This is not surprising: temperature coefficients have previously been used to determine hydrogen bonded and solventshielded amide protons in linear peptides and proteins (28) . In general, we observed that amides with very negative temperature coefficients (i.e., <−4.6 ppb/K) displayed fast hydrogen-deuterium exchange rates, whereas amides having less-negative temperature coefficients (i.e., ≥−4.6 ppb/K) displayed slower exchange rates. It should be noted that many different methods for assigning this cutoff value have been proposed (25, 29, 30) , suggesting that temperature coefficients that are close to the value of −4.6 ppb/K need to be interpreted with some caution. This finding is consistent with an earlier report using NMR amide temperature coefficients to probe the hydrogen bond network of cyclic disulfiderich cyclic peptides (31) .
We note that hydrogen-deuterium exchange rates can also be used as an indicator of hydrogen-bonding/solvent-exposure, and thus be used to identify amides for N-methylation in a manner similar to how amide temperature coefficients are used in this study. We focus on amide temperature coefficients in this study because they are easily measured in different solvent systems (i.e., composition and pH) compared with hydrogen-deuterium exchange rates, which can be tedious to measure owing to the need for solvent exchange and careful attention to the kinetics of the measurements.
In this approach, we use N-methylation of solvent accessible amides to confer solvation properties to peptides that are favorable for membrane permeability. We postulate that certain residues are better candidates for N-methylation, which can be identified by NMR amide temperature coefficient measurements. One of our designed peptides, 15, showed an increased permeability in vitro as well as a high oral bioavailability of 33%. It is clear that 15 is highly permeable not only in in vitro permeability assays but also within the gastrointestinal tract of a living rat, thus validating the design strategy.
The solution structure of 15, an N-methylated peptide that we designed, confirmed that the N-methyl groups are positioned at surface-exposed locations, whereas the remaining unmodified amides are involved in hydrogen bonds, with the exception of one amide, which is protected from the solvent by two leucine side-chains. This is consistent with the hypothesis that the sequestration of both amide carbonyl and amide groups leads to improved membrane permeability. However, a caveat of this method is that N-methylation of solvent-exposed amides may not always improve membrane permeability. For example, in a study by Kessler and coworkers (18) , seven analogs of the cyclic hexapeptide cyclo(GRGDfL) with different solvent-exposed amides N-methylated were designed according to the bioactive conformation; however, the analogs did not show improved transport across the membrane. In these cases, other factors (such as sequence composition and backbone conformation) may be limiting their permeability. In a separate study, Kessler and coworkers (32) proposed that specific backbone conformations are crucial for regulating membrane permeability after extensive conformational studies of two highly permeable cyclic alaninerich peptides with different N-methylation patterns. Nevertheless, the approach used here is still a rapid means of improving the solvation properties of peptides, and therefore useful within the drug design and optimization process. The absolute oral bioavailability (F) of 15 was determined to be 33% ± 2.9% (n = 4; error in SD; pharmacokinetic data in SI Appendix, Table S2 ). It should be noted that N-methylation can in some cases significantly affect biological activity by either directly modifying interactions of the backbone with its target or changing the peptide conformation. However, we postulate that N-methylation of exposed amides is less disruptive to the peptide conformation compared with N-methylation of buried amides; therefore, biological activity is more likely to be retained. Indeed, it is possible for N-methylation to improve the membrane permeability of a drug lead without having a significant effect on its biological activity. For example, multiple N-methylation of a somatostatin analog improved its oral bioavailability without modifying its biological activity and selectivity (19) . We showed that amide temperature coefficients could be used to rapidly identify the residues of the somatostatin analog that could be N-methylated, suggesting that the approach can be applied to peptides with therapeutic potential.
In summary, we have demonstrated that NMR amide temperature coefficients can be used as a structural marker to direct the design of membrane permeable peptides. By studying the relationship between conformation and permeability, we investigated an approach to identify solvent-exposed amides that could then be modified by N-methylation (or, in fact, with other chemical modifications). Furthermore, although the focus of this investigation was on using amide temperature coefficients as the structural marker, other measures, such as hydrogen-deuterium exchange rates, can also be used alone or in conjunction with amide temperature coefficients to direct peptide design. This strategy is advantageous over the traditional structure-directed design because it provides comparatively rapid information on the nature of all amides and potential sites for modification. We further demonstrated that this strategy can be applied to peptides with therapeutic potential.
Methods and Materials
General. A detailed description of the methods and materials is provided in SI Appendix.
Peptide Synthesis. Cyclic peptides were synthesized using Fmoc solid-phase peptide synthesis on 2-chlorotrityl chloride resin. Peptides were cleaved from the resin using 1% trifluoroacetic acid in dichloromethane. Head-to-tail cyclization was performed in DMF with 3 equivalent HATU and 6 equivalent DIPEA. Following removal of the solvent, side-chain protecting groups were removed in 94:3:3 TFA/TIPS (triisopropylsilane)/water. After cyclization, the peptides were purified by RP-HPLC. Purity of fractions was assessed using ESI-MS and analytical HPLC. A detailed description is provided in SI Appendix.
NMR Experiments. All spectra were recorded on a Bruker ARX 500 MHz spectrometer. Chemical shifts were internally referenced to DSS at 0 ppm. Amide temperature coefficient measurements, hydrogen-deuterium exchange studies, and structure determination were carried out as described previously (31) . A detailed description is provided in SI Appendix.
PAMPA and Caco-2 Permeability Studies. A 96-well system preloaded with artificial lipid membrane was used (BD Biosciences); additional details are provided in SI Appendix. Caco-2 cells were cultured and seeded as described in SI Appendix. Caco-2 cell monolayers were used for experimentation 6 or 21 d after seeding. Acceptor and donor well concentrations were measured by LC-MS.
In Vivo Pharmacokinetic Studies. Male Wistar rats (250 ± 20 g) were bred at, and obtained from, the Australia Animal Resource Centre (Canning Vale, WA). Rats were surgically implanted with a jugular vein catheter and fasted overnight, as previously described (33) . Dosing, sample collection, and quantification were carried out as described in SI Appendix. All experiments were approved by the animal ethics committee of The University of Queensland.
